The effect of heavy metals (cadmium (Cd), nickel (Ni) and lead (Pb)) on organic carbon mineralization (OCM) was studied in the laboratory. Top soil (Typic Paleudult ) containing 1.0 g organic carbon in the form of milled dry Cajanus cajan leaves was incubated at field capacity with heavy metals (Cd, Ni and Pb) at four levels (0, 100, 200 and 300 mg/kg soil) for 30 days in a 3 × 4 factorial experiment. Each soil contained one level and one type of heavy metal. Carbon dioxide-carbon evolved was measured every five-day period. The quantity of CO 2 -C was highest in the first five-day period of incubation than the subsequent periods. All the rates of the heavy metals studied gave significantly (P < 0.05) lower mean periodic CO 2 -C than the control. There was significant (P < 0.05) metal × rate interaction. With the exception of Ni, when applied at 100 mg/kg soil, application of heavy metals at all the rates studied, led to lower cumulative CO 2 -C as compared to the control. Elovich kinetic model satisfactorily described the rate of organic carbon mineralization in these soils as evidenced from the high correlation coefficient (r) values. The heavy metals in the concentrations applied were found to decrease the organic carbon mineralization rate (OCMR) over the control. The mean OCMR ranged from 194.46 mg CO 2 -C per kg soil in the control to 145.28 mg CO 2 -C per kg soil, in the soils with heavy metal at 300 mg/kg soil. The order of the ability of the heavy metals to decrease OCMR was found to be Cd>Ni>Pb. Since OCMR is an index of soil productivity, it was therefore concluded that heavy metals decreased soil productivity.
INTRODUCTION
Heavy metal pollution has become a common occurrence in developing as well as developed countries. The situation is worse in developing countries, such as Nigeria where environmental regulatory agencies are non-existent or not adequately empowered to enforce environmental laws. Emphasis on the consequences of heavy metal pollution has been mainly on their detrimental human health effects (Needleman and Bellinger, 1991; Schwartz, 1994; Jarup et al., 1998; Akesson et al., 2005) . Only limited information exists on the effect of these pollutants on soil productivity. Investigation on the effect of heavy metals on soil productivity is important *Corresponding author. E-mail: aoanoh@yahoo.com. because most often, the areas where heavy metal pollution occurs in developing countries are inhabited by the rural poor, who depend on the soil for their daily existence. In Nigeria for instance, a lot of heavy metal pollution has been reported in the Niger delta region where oil exploration and exploitation are taking place (Amusan and Aeniyi, 2005; Akinyemi et al., 2007) . Heavy metal pollution has also been reported on crop areas along highways (Ano et al., 2007) and those close to stone mining and quarrying industries (Ehosiem, 2004) . These areas of Nigeria are inhabited by resource poor farmers who depend on agriculture for their daily sustenance. Knowledge of the effect of heavy metals on soil productivity will create the necessary awareness in the government circles about the serious and economic consequencies of heavy metal pollution. This would catalyze the relevant government agencies to make policies and regulations pertaining to environmental sustainability and conservation.
Soil respiration or organic carbon mineralization rate (OCMR) (Raich, 1998; Wanner, 1970) and aggregate crop yield (Ikeorgu et al., 1989) have, respectively been used as measures of soil productivity. The objective of this study was to determine the effect of three heavy metals (cadmium (Cd), nickel (Ni) and lead (Pb)) on soil productivity and their effect on the CO 2 -C evolution.
MATERIALS AND METHODS
A 3 × 4 factorial experiment in completely randomized block design with three replications was used to study the effect of heavy metals on the rate of mineralization of organic carbon in the laboratory. The treatment comprised three heavy metals, Cd, Ni and Pb, and four concentrations (0, 100, 200 and 300 mg/kg soil). Top soil (0 to 20 cm) of a sandy loam (Typic Paleudult) obtained from National Root Crops Research Institute's farm was air-dried and passed through 2 mm-sieve. The soil had pH in water of 5.5 and 1.20 g organic carbon per kg, 15.0 mg available phosphorus (P) per kg, 5.20 cmol/kg effective cation exchange capacity and 0.8 g total nitrogen per kg.
One hundred grams of the sieved soil were weighed into incubation jars, 1.0 g organic carbon in the form of dried and milled pigeon pea (Cajanus cajan) leaves was measured into each of the jars. The soil and the plant material in each jar were thoroughly mixed together. Ten milliliters of each of the heavy metals in aqueous solution (prepared from nitrates of the metals) containing heavy metal equivalent of 0, 100, 200 or 300 mg/kg soil was added to each soil. Each of the soils in each jar contained only one type of heavy metal and one concentration of the heavy metal. The soils were thereafter watered to field capacity and maintained at that moisture level throughout the experiment.
A plastic beaker containing 10 ml of 1.0 N NaOH was placed inside each jar. The control consisted of jars which contained no soil but only beakers containing 10 ml of 1.0 N NaOH. All the jars were tightly corked. The jars were properly labeled and placed on the laboratory table in a randomized complete block design replicated three times. At the end of every 5 days, the unneutralized NaOH was titrated against 1.0 N HCl to a phenolphthalein end point as described by Zibilske (1994) . After each titration, each beaker was replenished with 10 ml of 1.0 N NaOH and was returned into the jar. The experiment lasted for 30 days.
The carbon dioxide-carbon evolved in the mineralization process during the incubation period was calculated according to Stotzky (1965) as follows:
where B is the volume of acid used to titrate the alkali in the empty jar (control), V is the volume of acid used to titrate the alkali in the jar containing soil, N is the normality of the acid and E = 6 (half of atomic weight of carbon).
The amount of carbon dioxide-carbon that evolved within each 5 day period was calculated. The cumulative CO2-C that evolved for 5, 10, 15 days, etc., were also calculated. The data obtained was analysed using GENSTAT (GENStat 2003) . Significant treatment means were separated using Fischer's least significance difference (F-LSD) at 5% probability. The data was also fitted into the Elovich kinetic model and the organic mineralization rate was determined.
RESULTS AND DISCUSSION

Effect of heavy metal and their rate of application on periodic CO 2 -C evolved
The mean quantity of CO 2 -C evolved was highest in the first 5 days of incubation than the subsequent periods (Table 1) . Schinner (1982) and Okeke and Omaliko (1992) ascribed the relatively higher amounts of CO 2 that evolved during the first week of organic carbon mineralization (OCM) to the break down of easily decomposable carbon compounds. Alexander (1977) related such initial release of high amount of carbon dioxide to "explosion of microbial activities" at the onset of OCM.
The concentration of heavy metals significantly affected the mean periodic CO 2 -C evolved. The control (no heavy metal applied) had the highest mean periodic CO 2 -C evolved with a value of 87.5 mg CO 2 -C per kg soil. There was a significant metal × rate interaction. Increasing the concentration of nickel consistently led to decrease in the mean periodic carbon dioxide-carbon evolved. Nickel has been shown to be detrimental to micro-organisms at concentrations above 85 mg/kg soil (Scott-Fordsmand et al., 1998) . However for Cd and Pb, increasing the concentration from 100 mg to 300 mg/kg soil resulted to increase in the mean CO 2 -C evolved. Zeng et al. (2006) reported that certain heavy metals, such as Pb, when applied to the soil at concentrations less than 500 mg/kg soil, resulted to increase in microbial activity.
Heavy metals (Cd, Ni and Pb) led to decrease in mean periodic CO 2 -C evolved as compared to the control, indicating that heavy metal negatively affected organic carbon mineralization (OCM). The ability of the heavy metals to retard OCM was highest with Cd than with Ni and Pb. No significant difference was obtained between the mean periodic CO 2 -C evolved with Ni and that evolved with Pb. Khan and Joergensen (2006) studied the decomposition of uncontaminated and heavy metal (Zn, Pb, Cu and Cd) contaminated nettles (Urtica dioica L.) in soils and reported that contaminated nettle residues led generally to significantly lower CO 2 production than non-contaminated nettle residues.
The effect of heavy metal on cumulative CO 2 -C evolved is as shown in Figures 1 to 3 . With the exception of Ni when applied at 100 mg/kg soil, application of heavy metal at all concentrations considered led to lower cumulative CO 2 -C per kg soil as compared to the control.
Effect of heavy metals (Cd, Ni and Pb) on rate of CO 2 -C evolution
Chemical kinetics (Elovich) model was used to evaluate the effect of heavy metals on the rate of organic carbon mineralization. The form of Elovich equation used is as follows: Y = a + b ln t where y is the amount of CO 2 -C evolved at time t, a and b are constants. The constant b is the CO 2 -C release rate constant. According to Havlin and Westfall (1985) , this form of control, 163.64, 156.06 and 124.54 mg CO 2 -C per kg soil for Pb, Ni and Cd, respectively. This was an indication, that of the three heavy metals studied, Cd had the most adverse effect on organic carbon mineralization followed by Ni and lastly Pb. Generally, increasing the concentration of heavy metal led to decrease in OCMR. The mean rate OCMR when 0, 100, 200 and 300 mg heavy metal were applied were 194.46, 157.67, 141.28 and 145.28 mg CO 2 -C per kg soil, respectively. When the heavy metals were examined individually, it was observed that OCMR was inversely related to the rate of nickel application; for cadmium, the relationship was not regular. Increasing the rate of application of Pb led to increase in OCMR. However, OCMR at the highest rate of application of Pb was lower than the control. OCMR has been shown to be an index of soil productivity (Raich, 1998; Wanner, 1970) . It could therefore be concluded that heavy metals have detrimental effect on soil productivity. The effect of the rate of application of heavy metals on soil productivity is dependent on the heavy metal.
